Observations from the Ozone Monitoring Instrument (OMI) on the Aura satellite are used to study the effect of energetic particle precipitation (EPP, as proxied by the geomagnetic activity index A p ) on the Antarctic stratospheric NO 2 column in late winter-spring (Aug-Dec) during the years 2005-2017. We show that the polar (60 • S-90 • S) stratospheric NO 2 column is significantly correlated with EPP throughout the Antarctic spring, until the breakdown of the polar vortex in November. The strongest correlation takes place during years with easterly phase of the quasi-biennial oscillation (QBO). We propose that the 5 QBO affects the polar springtime EPP-NO x in two ways: firstly by modulating the amount of the primary NO x source, N 2 O, transported to the polar region. Secondly, the QBO affects the temperature of the polar vortex and thus the amount of denitrification occurring in the polar vortex, also verified from HNO 3 observations from the Microwave Limb Sounder (MLS/Aura).
phase of the QBO affects the contribution of EPP-NO 2 to the total NO 2 column in springtime, due to the modulation of the N 2 O source.
2 Observations and Methods 90 2.1 OMI NO 2 observations
We use stratospheric NO 2 column observations from the Dutch-Finnish built Ozone Monitoring Instrument (OMI) on-board NASA's Aura satellite from August to December during years 2005-2017 (v3, Level 2 daily gridded NO 2 , see Krotkov (2012) ; Krotkov et al. (2017) ). The daily gridded data has 0.25 • × 0.25 • horizontal resolution. In our analysis, we use data from latitudes poleward of 50 • S. Aura is in a Sun-synchronous orbit, thus measurements take place at the same locations each year. 95 While NO 2 notably has a diurnal cycle, using observations from the same sunlit locations (thus same local times) each year minimises the effect of this in our analysis.
The OMI-NO 2 data is provided as total column, as well as separated tropospheric and stratospheric columns. This separation is based on the location of the tropopause. Here, we use the OMI stratospheric column observations only. The effective vertical range of the stratospheric column based on the OMI averaging kernels corresponds to ∼ 15 − 35 km. The algorithm for the 100 column separation is described in Bucsela et al. (2013) . OMI measures back-scattered solar radiation from the atmosphere.
Thus, observations are only available for solar illuminated locations -there is no coverage during polar night conditions. This horizontal coverage is illustrated in Figure 1 , which presents the zonally averaged mean NO 2 column for the period under investigation (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . This shows how the NO 2 column varies in the polar springtime, with increasing amounts of NO 2 in the stratosphere as time progresses due to release from its reservoirs (Dirksen et al., 2011) . The latitudinal coverage of the 105 measurements is illustrated here, with the lack of measurements during the polar night leading to a gap at the highest latitudes during August-September. The error in the individual NO 2 column measurement is estimated to be < 2×10 14 molecules cm −2 , however in areas with low levels of tropospheric pollution (such as the Southern polar region), this error is considerably less (Bucsela et al., 2013) . Since June 2007, OMI-NO 2 has experienced an issue known as the row anomaly (RA) affecting certain fields of view. All RA affected measurements have been excluded here, leaving around 2 × 10 5 observations poleward of 60 • S 110 per day for the analysis period.
The Aug-Dec monthly mean polar (60 • S to 90 • S) average zonal mean NO 2 columns for each year are listed in Table 1 .
MLS HNO 3 observations
We use HNO 3 profiles from NASA's Microwave Limb Sounder (MLS) which is also on-board the Aura satellite (Manney et al., 2015) . This study uses the version 4.2 product with data screened according to Livesey et al. (2017) . MLS HNO 3 profiles hve 115 been validated by Santee et al. (2007) . The latitude range used here is 60 • S to around 82 • S and the pressure range used is approximately 100 hPa to 10 hPa. This means using data from both the HNO 3 240-GHz radiometer (for pressures ≥ 22 hPa) and HNO 3 190-GHz radiometer (for pressures ≤ 15 hPa). MLS HNO 3 has vertical resolution of 3-4 km in the lower -middle The white area at high latitudes in August-September indicates polar night conditions where OMI observations are not available. stratosphere (used here) and the precision of individual profiles is around 0.6 ppbv in this region. The estimated error in these profiles is no more than 10%. 120
EPP proxy
The geomagnetic activity index A p is a well-established proxy for EPP (see e.g. Matthes et al., 2017; Funke et al., 2014b) and is used here to estimate the overall levels of EPP for each polar winter under investigation. During 2005-2017, the mean A p was 8.5, reflecting the relatively low overall solar activity during solar cycle 24 (solar cycle 23 average was 12.9). To estimate the overall EPP activity during each winter, we calculate the mean A p for the period of May-August of each year. These means 125 are hereafter referred to asÂ p and are provided in Table 1 . We designate highÂ p (H-Â p ) winters as those withÂ p > 8.5, i.e. A p higher than the average for 2005-2017. Similarly, we take lowÂ p winters (L-Â p ) as those withÂ p < 8.5. The variation in winterÂ p throughout this study is shown in Figure 2 . This figure captures the 11-year solar cycle fairly well, with minimum around 2009 and maximum around 2015.
All correlations between the NO 2 columns andÂ p are based on the Spearman rank correlation (Spearman ρ), as it more 130 robustly accounts for any non-linear relationships (Wilks, 2011) while still interpreting linear trends where present. Statistical significance is here defined as correlations significant at ≥95%.
Quasi Biennial Oscillation
To investigate the potential QBO effect in the Antarctic atmosphere, we estimate the phase of the QBO from the 25 hPa level zonal mean zonal wind (Naujokat, 1986) near the equator in May each year (Strahan et al., 2015) . For use of the 25 hPa 135 level in the Southern Hemisphere, see Baldwin and Dunkerton (1998) . We take months where the wind direction is easterly as easterly QBO (eQBO), and westerly as westerly QBO (wQBO). The QBO direction for each year of the study is indicated in The results shown in Figure 4 suggests that a correlation betweenÂ p and the stratospheric NO 2 column occurs in August, September and November. This is consistent with Figure 3 . Furthermore, there is a clear positive correlation for eQBO years from August to November, while for wQBO years, the positive correlation in August and September disappears in October.
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While the wQBO November linear fit is close to the total fit, the individual years show large variability. In general, wQBO years have consistently lower column NO 2 values, especially in August and September.
To contrast our results with previous extensive work by Funke et al. (2014a) we repeated the analysis presented in Figure 4 using the units of gigamole (Gmol, see Funke et al. (2016) ) for the monthly mean polar NO 2 columns. This figure is included in the appendix as Figure A1 and shows the least squares linear fits, with the corresponding parameters given in each panel. The results from Figure 5 suggest that the NO 2 column increases at high polar latitudes in September are due to higher than average EPP/geomagnetic activity, as strong correlations between NO 2 andÂ p occur in all panels. They also imply that increases in NO 2 in November can be due to a combination of high EPP activity and eQBO, whereas wQBO appears to reduce the significance of any EPP induced NO 2 increases.
4 Discussion 190
Polar vortex influence in October
The correlations presented in previous sections were found to be less significant in October, only to increase again in November.
As this time of year marks the typical breakup period of the polar vortex (Hurwitz et al., 2010) and knowing that the descent of EPP produced NO x is limited to inside the polar vortex (as previously demonstrated for October by Siskind et al. (2000) ),
we will now investigate the month of October separately, taking the polar vortex into account.
195
To account for effects from potential asymmetries in the shape of the polar vortex in October in our zonal mean calculations, we repeated the earlier analysis for measurements located inside the vortex. To establish the location of the edge of the polar vortex we utilised the OMI co-located ozone column measurements (Bhartia, 2012) : Ozone depleted air is isolated within the vortex until the vortex break up, typically in late November (Kuttippurath and Nair, 2017) . Based on this, we take measurement locations poleward of 50 • S with corresponding stratospheric ozone column of < 245 DU to be inside the polar vortex. An We find that for eQBO, the observations are now much closer to the linear fit than in Figure 4 c), implying that the earlier disappearance of correlation was likely due to variations in the shape of the polar vortex in October.
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Similarly for the horizontal distribution of the correlations, we now find strong correlations for eQBO years throughout
October. This again implies that the lack of correlation in October is due to the distorted shape of the polar vortex being smeared out by calculation of zonal means, and the effect of EPP on the NO 2 column is significant through October. The reappearance of correlations in eQBO years in November is likely a mixing effect, with the break down of the polar vortex around this time leading to vortex air being mixed with extra-vortex air, and thus the net effect on the NO 2 column is still 210 observable.
Although the A p index is generally much lower now than in the 1991-1996 period investigated by Siskind et al. (2000) , considering observations only in the vortex still shows the same, strong linear relationship found in that study. This implies that solar activity of any level generates a proportional response in reactive nitrogen. 
Influence of the QBO 215
As shown in Figures 3, 4 and 5 a), our results suggest the that phase of the QBO is influencing the SH polar EPP-NO x signal in the spring months. Strahan et al. (2015) found that eQBO phase in early winter leads to decreased N 2 O in the high polar stratosphere in September. Figure 1 years for the upper Antarctic stratosphere. Our results suggest that the lack of N 2 O transported to the polar regions during eQBO years means that EPP-NO x contributes more to the overall SH polar stratospheric NO x in the springtime. 
PSCs and denitrification
The affected transport of N 2 O does not however explain the obviously depleted in NO 2 in wQBO years in Figure 4 ). This is due to a different effect of the QBO on the polar region. Baldwin and Dunkerton (1998) found that the polar vortex is colder during winters with wQBO. Colder polar vortex results in a higher likelihood of polar stratospheric cloud (PSC) formation (Brasseur and Solomon, 2005) . As discussed earlier, PSCs affect the heterogeneous chemistry in the polar region, leading to 225 denitrification of the lower stratosphere (Dirksen et al., 2011) . So for years with more PSCs (i.e. wQBO) we would expect more denitrification to occur, resulting in the depleted NO 2 column reported here, also explaining the lower incidence of significant correlation for these years.
